e TERZFTRLE

W
(=
i i
Iz
v
.
ek
-3‘1}.,
-y
-

g4 % & hERE P g

®

AT Ao AR "““%ML,J Mr G 2 R RTPETR-EE
FEFEAPRARTORESF L E{oB @ ]4')»/7 BT BRI TEAE AR kAR
BethfR T s dofe B d i P KPR onaE TR T E s £ K
T RT BRI A W R o A Y SR
TPESART AT ERR AR T RT @SR & R0 TR EMEFT R
REFEARAL OF A MR EWNA G TR SR F AR wmY A

KFOA O BELm et A RS R R kR T R EE D~ N6

A2y - WA E 4 0.13 #ek CMOS # 427 Y BARER K S lé;gi%]
A% EA 4k bi(Transmission Line Pulsing System, TLP) > 14 2 # TR E

Blaso ABE2 R R PETRT P EAERERE  JI FRER -
# (Ground-Signal-Ground, GSG)#d & + (On-Wafer) £ ip| > ;N 5B 3 g B #

AR AR GBS PG BRI h 6 DR Y L
THRIPEACTRE  PRETERY P ARG LB RIEALEL -

=

A S RNARIEY BN L 05 DR DR DD ER
GBI AP RS T RE AR ERD LG RIFTRT RS < o

CRATRAFERAR P T RTALAL IS I T RBFIRIpEAE L
F AP TR EEE T B o gL b T MR T T A 2 % 3042 B (Pad)
BT R T LR BRI ESE BT Sk P e o BT BRF LTS

FHETRTPELLFLTFAT § WAl i % KH B DB 4



3z
e
i

i -
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Interface Circuit
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ABSTRACT

This thesis focuses on the ESD protection design for high-speed input/output (I/0)
interface circuit. The gate oxide of the, MOSFET transistor becomes thinner as the
CMOS technology scales, whichirenables the high-speed 1/O interface circuits with
higher operating frequency. Unfortunately, there exists a challenge to design an ESD
protection circuit with satisfactory. ESD rebustness and low parasitic effects to the
gigahertz high-speed I/O circuit. This thesis presents a design methodology to design
the ESD protection circuit for gigahertz high-speed I/O circuits with high ESD
robustness and low parasitic capacitance.

There are two major designs in this thesis, in first part, the two-port
ground-signal-ground (GSG) measurement setup in the radio-frequency band (~GHz)
is used to measure the high-frequency characteristics of ESD devices and the TLP
measurement system is used to measure the ESD robustness of the ESD devices in a
0.13-um CMOS process. Therefore, the relationship between the high-frequency
characteristics and ESD robustness under different ESD device dimensions can be
obtained.

The second part presents the most suitable ESD device for gigahertz high-speed
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applications based on the database which had been established in the first part. With
the database, the optimal ESD device dimensions can be obtained as long as the
requirement of parasitic capacitance and ESD robustness are determined. Besides,
placing the ESD protection device under the bond pad can further reduce the parasitic
capacitance and the total chip area.

The test devices and the ESD protection design in this thesis have been fabricated
in a 0.13-um CMOS process, and the experimental results have shown that this ESD

protection design is suitable for gigahertz high-speed I/O interface circuits.
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CHAPTER 1

INTRODUCTION

1.1 BACKGROUND

With the advantage of low cost high integration, more and more high-speed
communication circuits had been fabricated in CMOS processes, including the
high-speed input/output (I/O) interface circuits. Electrostatic discharge (ESD) has
been a one of the most important reliability issues for integrated circuits (ICs) in
CMOS processes, especially in nanoscale CMOS processes. There are two main
design considerations in ESD protection_design for giga-hertz (GHz) high-speed I/O
applications. First, ESD protection:circuits for high-speed /O circuits must sustain
enough ESD robustness to effectively protect ICs from being damaged by ESD
stresses. Second, the high-speed performance degradation due to parasitic effects of
ESD protection devices needs to be minimized.

Unfortunately, traditional ESD protection devices, such as gate-grounded
NMOS (GGNMOS), have large parasitic capacitance, which causes intolerable
high-speed performance degradation. Therefore, traditional ESD protection schemes
are no longer suitable for high-speed 1/O circuits because of the undesired parasitic
effects. It had been reported that the largest design budget on parasitic capacitance at
I/O pads, which includes the parasitic capacitances of the bond pads and ESD
protection circuits, in 2-GHz high-frequency applications are 200 fF [1]. This implies
that the ESD protection circuit should be carefully designed to have the smallest

parasitic capacitance. With proper design, the double-diode structure in cooperation



with a power-rail ESD clamp circuit can still be used to realize the ESD protection
scheme for high-speed I/O circuits [1]-[2]. ESD protection schemes are also included
of ESD protection circuits with coil [3]-[4], equal-size distributed ESD protection
circuits [5]-[7], decreasing-size distributed ESD protection circuits [8]-[10], and
n-model distributed ESD protection circuits [11]-[12]. In order to minimize the
parasitic capacitance of the ESD devices, the high-frequency (HF) characteristics of
ESD devices in a 0.13-um CMOS process had been evaluated in this work to establish
the database for high-speed I/O applications. With this database, the optimal device
dimensions can be obtained as long as the requirements of parasitic capacitance and

ESD robustness are determined.

1.2 Thesis Organization

In chapter 2, the HSPICE simulation to evaluate the parasitic capacitance of
ESD diodes are described. Besides, device structure and layout description for
(shallow-trench-isolation) STI diodes and MOS-bounded diodes are presented.

In chapter 3, the experimental results on DC I-V characteristics, TLP I-V curves,
ESD robustness, and parasitic capacitance of the fabricated ESD diodes in a 0.13-pm
CMOS process are reported and discussed. Furthermore, the design example of an
ESD protection circuit for 5-GHz high-speed /O applications in a 0.13-um CMOS
process is proposed.

In chapter 4, a high-speed 1/O interface circuit with this ESD protection scheme
had been designed and fabricated in a 0.13-um CMOS process to verify the
performance, including ESD robustness and parasitic effects. The high-speed 1/0O
interface circuit includes the transmitter and receiver interface circuit. Simulation had

been performed to ensure that the total parasitic capacitance of ESD devices and bond
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pad is below 500 fF. The experimental results had demonstrated that the ESD
robustness with this ESD protection scheme can sustain a HBM ESD robustness of
more then 2 kV. Finally, the future works about the modified design on the ESD

protection circuit is given in Chapter 5.



CHAPTER 2
INVESTIGATION ON HIGH-FREQUENCY
CHARACTERISTICS OF DIFFERENT ESD DIODE

STRUCTURES

With the increased operating frequency of modern high-speed I/O circuits, the
maximum tolerated parasitic capacitance at the I/O pad is decreased. However, there
is a tradeoff between the capacitance at the I/O pad and the ESD robustness. The
parasitic loading effect of ESD protection devices for gigahertz high-speed 1/O
applications becomes more and more serious :because the dimensions of the ESD
protection devices can not be shrunk unlimitedly in order to maintain the required
ESD robustness. From circuit perspectives, the protection circuits must be transparent
to the internal circuit, and must not affect the signal under normal circuit operating
conditions. The on-chip ESD protection circuit is placed between the I/O pad and the
internal circuits, as shown in Fig. 2.1. The ESD clamp device at the I/O pad can be
realized with various devices, such as diode, gate-grounded NMOS (GGNMOS), or
silicon-controlled rectifiers (SCR). Traditionally, the GGNMOS is designed with large
device dimensions and large drain-contact-to-poly-gate spacing in order to sustain
acceptable ESD level [13]-[14]. The gate-coupled technique [15]-[17] or the
substrate-triggering technique [18] had been used to uniformly turn on the multiple
fingers in the GGNMOS to improve the ESD level. However, the large device
dimensions consume much chip area and cause large parasitic capacitance. The wide
drain diffusion junction contributes large parasitic capacitance at the I/O signal pad,

which degrades the circuit performance. Thus, the GGNMOS is not suitable for
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gigahertz high-speed applications. The other ESD device suitable for low-capacitance
consideration is SCR, because SCR can sustain high ESD level in a small device size
[19]-[20]. However, the high trigger voltage of SCR should be taken into
consideration. For example, in a 0.25-um CMOS process, the gate oxide breakdown
voltage is around 10V, and the trigger voltage of SCR is higher than the gate oxide
breakdown voltage. Therefore, extra trigger circuits should be used to turn on the
SCR in time. The ESD devices shunt ESD current from the I/O pad to the power
supply rails away from the internal circuit during ESD stresses. However, the ESD
devices contribute parasitic capacitances and resistances on the signal path under
normal operating conditions, which causes serious performance degradation at high
frequency bands. A poorly designed ESD protection scheme may cause impedance
mismatches, signal reflection, corruption of signal integrity, and inefficient power
transfer. In order to provide efficient ESD ptotection without extra trigger circuits,
diodes are commonly used fof. ESD protection in.high-speed 1/O applications, as
shown in Fig. 2.2 [21]-[22]. Besides, low=capacitance bond pad design had been
reported to enhance the high-speed performance [23].

In this chapter, the parasitic capacitance of STI and MOS-bounded diodes are
calculated and simulated. In addition, the layout patterns of the diodes are reported

and discussed.

2.1 Diode

Generally, the ESD diode is designed to be operated in the forward-biased
condition to discharge the ESD current during ESD stresses, and is designed to be
operated in the reverse-biased region under normal circuit operating conditions. The

diode current abruptly rises at around 0.6V~0.7V, which is the cut-in voltage. The
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turn-on resistance is around 1Q to 5Q in the forward-bias condition. In the
reverse-biased condition, the diode current rises after the junction breakdown occurs.
This is because the current conduction begins when the junction goes into avalanche
breakdown under reverse-biased conduction.

In the forward bias condition, the parasitic capacitance will be increased due to
the decreased depletion region. The width of the depletion region will increase to
avoid the minority carrier to pass through the depletion region when the ESD diode is
in the reverse-biased condition, so the parasitic capacitance of ESD diode is decreased
in the reverse-biased condition.

The ESD level of diodes operating in the forward-biased condition is better than
that in the reverse-biased condition. By using the turn-on efficient power-rail ESD
clamp circuit, the diodes can operate in forward-biased condition when ESD current
comes to promote overall ESD+level [24]. Therefore; the size of ESD diodes did not
need very large. Moreover, the powér-tail-ESD,clamp circuit does not contribute any
parasitic effect to the internal circuit, Diode-in the forward-biased condition is very

useful in ESD protection design for high-speed applications.

2.1.1 STI Diode

The STI diode is the typical diode structure, and the foundry provides the STI
diode. The schematic cross-sectional view of the p+/n-well STI diode (P-type diode)
is shown in Fig. 2.3(a). The N+ diffusion (cathode) and P+ diffusion (anode) are
separated by the shallow trench isolation (STI). The N+ diffusion surrounds the P+
diffusion. The schematic cross-sectional view of the n+/p-well STI diode (N-type
diode) is shown in Fig. 2.3(b). The P+ diffusion (anode) and N+ diffusion (cathode)

are also separated by the shallow trench isolation (STI). The P+ diffusion surrounds
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the N+ diffusion. The n-well/p-well diode (NW-type diode) is shown in Fig. 2.3(c),
The P+ diffusion in P-well (anode) and the N+ diffusion in N-well (cathode) are
separated by the shallow trench isolation (STI). The P+ diffusion in P-well surrounds
the N+ diffusion in N-well. When the abovementioned ESD diodes are under
forward-biased ESD stress condition, the ESD current would flow from P+ diffusion

to N+ diffusion.

2.1.2 MOS-Bounded Diode

The MOS-bounded diode had been reported with its ESD robustness verified in
a 0.35-um CMOS process, but the high-frequency device characteristics were not
reported [25]. In a 0.13-um high-speed (HS) CMOS process, the ESD robustness and
the high-frequency characteristics of MOS-bounded diodes were investigate in this
thesis. The cross-sectional views of ,the“NMOS-bounded diode and PMOS-bounded
diode are shown in Fig. 2.4(a) and 2.4(b); respectively. The NMOS-bounded
(PMOS-bounded) diode has a NMOS (PMOS) inserted in the diode structure. The
MOS-bounded diodes have the cathode (anode) of N+ (P+) diffusion, which does not
touch the P+ (N+) diffusion in the diode structure. The anode (cathode) of P+ (N+)
diffusion directly touches another N+ (P+) diffusion in the NMOS-bounded
(PMOS-bounded) diode, where this N+ (P+) is floating. In this NMOS-bounded
(PMOS-bounded) diode, the poly gate is fully covered by the N+ (P+) implementation.
With the poly gate between the anode and cathode, the turn-on speed can be enhanced
to bypass the ESD stress current. Therefore, the MOS-bounded diode can provide
more effective ESD protection to the internal circuits.

The NMOS-bounded (PMOS-bounded) diode is fully compatible to the general



CMOS processes without any additional process step or extra mask layer. The
MOS-bounded diodes were implemented to evaluate its characteristic and ESD

robustness in this work.

2.2 ESTIMATION FOR PARASITIC EFFECTS OF ESD

DIODES

The equivalent circuit model of diode is shown in Fig. 2.5. The diode
capacitance is modeled by cd. The capacitance cd is the combination of diffusion
capacitance (cdiff), depletion capacitance (cdep), metal (cmetal), and poly capacitance
(cpoly). The capacitance cd can be expressed as

cd = cdiff + cdep + cmetal + cpoly
where

cdiff is the diffusion capacitance;

cdep is the depletion capacitance,

cmetal is the metal capacitance (depends on routing strategy),

and cpoly is the capacitance (depends on routing strategy).

Using diffusion capacitance equations when the transit time (TT) models the diffusion
capacitance, cause by injected minority carriers. In practice, TT is estimated from the
pulsed time-delay:

oid
ovd

cdiff =TT

TT (S) is the transit time with the default value of zero. Using depletion capacitance
equations when the depletion capacitance is modeled by junction bottom and junction

periphery capacitances:



Vd —MJ Vd -MJISW
cdep = CJeff -(1 ——j + CJPeff -(1 ——j
PB PHP

Cleff =CJ - AREAeff

CJPeff = CIP « CJPeff

AREAeff (m*) =[ (Weff + Leff )eM |

PJeff (m)=[(2W +2L):M |

cmetal =( Fox j-(WMeﬁ + XMeff )o( LMeff + XMeff )M
XOM

cpoly = (%}(WPeff + XPeff )o( LPeff + XPeff ):M

_ -14 F
£0 =3.9x8.85x10 P/

where

M : multiplier,

WMPeff (m) : default =0,

LMPeff (m) : default =0,

XMeff (m) : accounts for masking and etching effects, default = 0,

PB : area junction contact potential,

MJ : area junction grading coefficient,

PHP : periphery junction contact potential,

MJSW : periphery junction grading coefficient,

XOM : thickness of the metal to bulk oxide,

XOlI : thickness of the poly to bulk oxide.
By the foundry junction model perimeters and the diode capacitance modeled as
above, the estimation for parasitic effects of ESD diodes can be calculated via

computer-aided-tool (CAD) such as SPICE or other simulation tools.
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2.3 SIMULATION ON PARASITIC EFFECTS OF ESD

DIODES

The three types of ESD diodes will be chosen in proper dimensions. Basically,
the sizes of ESD diode in high-frequency applications should be as small as possible
because the parasitic capacitance degrades performance. Besides, the ESD diode
should sustain the required ESD level. In the first step, some proper sizes with the
estimated parasitic capacitance below 100fF were selected, as shown in Table 2.1. All
the parasitic capacitance of the three types of ESD diodes had been simulated by the

simulator HSPICE to estimate the parasitic capacitance by the equations listed above.

2.4 LAYOUT DESCRIPTION OF.ESD DIODES

The layout description of“ESD diodes includes- STI and MOS-bounded diodes.
Not only the ESD robustness but also:the-parasitic- capacitances of these diodes are
investigated. In this work, two-port GSG layout was adopted to facilitate the on-wafer
probing to evaluate the parasitic capacitance contributed by the ESD devices. The
layout top view of the experimental test chip includes the STI diodes and
MOS-bounded diodes, as shown in Fig. 2.6. The device dimensions of the ESD
devices are summarized in Table 2.2. The total layout area is 1500um x 4500um.
With the experimental results of the ESD devices, the optimal ESD device dimension

can be obtained for high-speed applications.
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2.5 SUMMARY

Two kinds of ESD diode structures for high-frequency applications have been
simulated and thoroughly estimated, the proper device sizes had been chosen among
the three types of STI diodes and two types of MOS-bounded diodes. All the diodes
were fabricated in a 0.13-um CMOS process. In order to obtain the complete data
efficiently, the estimation of diode sizes by simulation must be done accurately, and
the size ranges of diodes are very important. If the size ranges is too large, large
amount of diode may cause too large chip area. Besides, too large diode sizes may
cause large parasitic capacitance, which is not suitable for high-frequency

applications.
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Table 2.1  Simulation on parasitic effects of ESD diodes.

Diode Device WiL M Parasitic Capacitance (fF)
(um/pm)

DION_L130E 4/5 5 68.6947

DION_L130E 10/10 1 64.0783

DIOP_L130E 4/5 5 87.7954

DIOP_L130E 10/10 1 82.9880
DIONW_L130E 4/5 ) 95.5736
DIONW_L130E 10/10 i 49.7544
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Table 2.2  Layout dimensions of three types STI and two types MOS-bounded of
ESD diodes.

. Width | Length Periphery| Area | Pre-Sim
ftom | Pad Piode Type @) | @m) [M] @m) | wmp?| cap. @)
1 DIONW L130E_DC2 20 5 1 50 100 66.10
2 DION_L130E_DC2 20 5 1 50 100 7717
3 DIOP_L130E_DC2 20 5 1 50 100 75.24
4 DIONW _L130E_DC2 20 5 2 100 200 | 132.20
5 DION_L130E_DC2 20 5 2 100 200 | 154.33
6 DIOP_L130E_DC2 20 5 2 100 200 | 150.48
7 DIONW _L130E_DC2 20 5 3 150 300 | 198.30
8 DION_L130E_DC2 20 5 3 150 300 | 231.50
9 DIOP_L130E_DC2 20 5 3 150 300 | 225.71
10 DIONW _L130E_DC2 20 5 4 200 400 | 264.40
11 DION_L130E_DC2 20 5 4 200 400 | 308.66
12 M8 DIOP_L130E_DC2 20 5 4 200 400 | 300.95
13 - DIONW _L130E_DC2 20 5 5 250 500 | 330.50
14 | DION_L130E_DC2 20 5 5 250 500 | 385.83
15 DIOP_L130E_DC2 20 5 5 250 500 | 376.19

16 Empty(De-Embedding)

17 Open(De-Embedding) 1

18 Short(De-Embedding) 1

19 Open(De-Embedding) 2

20 Short(De-Embedding) 2

21 Open(De-Embedding) 3

22 Short(De-Embedding) 3

23 Open(De-Embedding) 4

24 Short(De-Embedding) 4

25 Open(De-Embedding) 5

26 Short(De-Embeddin 5

27 DIONW _L130E_DC8 20 5 1 50 100 66.10
28 DION_L130E_DC8 20 5 1 50 100 7717
29 DIOP_L130E_DC8 20 5 1 50 100 75.24
30 DIONW _L130E_DC8 20 5 2 100 200 | 132.20
31 DION_L130E_DC8 20 5 2 100 200 | 154.33
32 DIOP_L130E_DC8 20 5 2 100 200 | 150.48
33 | M8 DIONW _L130E_DC8 20 5 4 200 400 | 264.40
34 ~ DION_L130E_DC8 20 5 4 200 400 | 308.66
35 | M6 DIOP_L130E_DC8 20 5 4 200 400 | 300.95
36 DIONW_L130E_DC8 20 5 5 250 500 | 330.50
37 DION_L130E_DC8 20 5 5 250 500 | 385.83
38 DIOP_L130E_DC8 20 5 5 250 500 | 376.19
39 Empty(De-Embedding)

40 Open(De-Embedding) 1

41 Short(De-Embedding) 1

42 ONrI:y Empty(De-Embedding)

43 NMOS BOUNDED DIODE L1304 20 5 1 50 100

44 M8 NMOS_BOUNDED_DIODE_L1304 20 5 5 250 500

45 _ PMOS_BOUNDED_DIODE_L130§ 20 5 1 50 100

46 M1 PMOS_BOUNDED DIODE_L130§ 20 5 5 250 500

47 NMOS BOUNDED DIODE L130§ 20 5 10 500 1000

48 PMOS BOUNDED DIODE L130§ 20 5 10 500 1000
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Table 2.3  Layout dimensions of three types STI ESD diodes.

Diode

W L PJ

ftem | TyPe| . m)| (um)| ™| (um)
1 5 5 1| 20
2 5 5 |2 40
3 5 5 |3 60
4 15 5 1| 40
5 P 15 5 |2 80
6 15 5 13120
7 150 | 30 | 1| 360
8 150 | 30 | 31080
9 150 | 30 | 51800
10 5 5 1 20
11 5 5.2 40
12 5 5 13| 60
13 15 5 1| 40
14 N 15 5 2| 80
15 15 5 [3]|120
16 150 | 30 | 1| 360
17 150 | 30 | 31080
18 150 | 30 | 51800
19 5 5 1| 20
20 5 5 |2 40
21 5 5 [3]| 60
22 15 5 1| 40
23 | NW | 15 5 |2 80
24 15 5 [3]|120
25 150 | 30 | 1| 360
26 150 | 30 | 31080
27 150 | 30 | 5(1800
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Fig. 2.1  Typical on-chip ESD protection design for input/output (I/O) pad with

power rail ESD clamp circuit.
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Fig. 2.2 The typical I/O ESD protection circuit constructed by double diodes in

CMOS IC.
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Fig. 2.3  The schematic cross-sectional view of a STI diode structures (a) P-type (b)
N-type, and (c) NW-type.
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Fig. 2.4 The cross-sectional views of (a) NMOS-bounded diode, and (b)
PMOS-bounded diode.
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Fig. 2.6 (a) P-type, (b) N-type, (c) NW-type STI diode structures and (d)
NMOS-bounded, (¢) PMOS-bounded diode structures and (f) layout
top view (1500 um x 4500 pm) of the ESD diode devices with
wo-port GSG blocks in a testchip.
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CHAPTER 3

EXPERIMENTAL RESULTS ON DIFFERENT ESD

DIODE STRUCTURES AND AN EXAMPLE OF ESD

PROTECTION DESIGN FOR 5-GHz HIGH-SPEED 1/0

APPLICATIONS

In this chapter, the experimental results on different ESD diodes are investigated,
including the ESD robustness and high-frequency characteristics. The first step is to
make sure the right dc I-V curves of diode characteristics when test chips are backed,
otherwise we can not confirm the tést chips is the right characteristics of ESD diodes
or not. When the diode characteristic is confirm, we can start the transmission line
pulse generator (TLPG) to measure I-V._curves, the purpose is in order to predict the
performance of ESD robustness. . Besides,  the high-frequency S-parameter
measurement system is used to evaluate the high-frequency characteristics of different
ESD diodes and different bond pad structures. Base on the extracted capacitances of
different ESD diodes and different bond pad structures, an example of ESD protection
design for 5-GHz high-speed 1/O applications is provided. With the design example,
the input ESD protection scheme can be quickly designed if the specifications on ESD

level and input parasitic capacitance of ESD devices and bond pad are assigned.

3.1 DCI-VCHARACTERISTICS

The curve tracer HP4145B is a semiconductor parameter analyzer, which is
shown in Fig. 3.1 is used to measure the devices for investigating the dc
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characteristics of ESD diodes. The dc leakage of normal STI diode is around in the
order of pA (in 0.13-um CMOS processes). The dc I-V characteristics of the STI
diodes are shown in Fig.3.2, the breakdown voltage is around below 10V and the
leakage current of normal operation on voltage 1.2V is around several pA. The dc [-V
characteristics of the MOS-bounded diodes are shown in Fig.3.3, the breakdown
voltage is around below 2.9V and the leakage current of normal operation voltage on
1.2V is around several nA. Besides, the forward-biased current was compliance due to

measurement setup.

3.2 TLPI-V CHARACTERISTICS SECONDARY

BREAKDOWN CURRENT (1T2)

The transmission line pulseigenerator (TLPG)with a pulse width of 100ns [26]
is used to investigate ESD robustness of the-fabricated diode devices and predict the
ESD robustness of ESD devices; include-the second breakdown current (It2). The
human-body-model (HBM) ESD level (HBM Vggp), and machine-model (MM) ESD
level (MM Vggp) can also be estimated by the proper adjustment of TLPG. The setup
measurement are combine with high-voltage pulse generator (Keithley 2410),
oscilloscope and triple-output power supply (Agilent E3631A) shown as Fig. 3.4. For
three types of N-type diodes under forward stress conditions, the Royn resistance is
around 1.6Q2, the It2 current is over 6A. However, the It2 current was below 0.7A,
which was very weak when under reversed stress condition as shown in Fig. 3.5. For
three types of P-type diodes under forward stress conditions, the Roy resistance is
around 1.24Q), the It2 current is over 6A. However, the It2 current was below 0.9A,

which was very weak when under reversed stress condition as shown in Fig. 3.6. The
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TLP It2 of the P-type diodes with W/L=5um/5um and different perimeters (20um,
40um, and 60pum) under forward ESD stress conditions are below 1.6A. The TLP It2
of the P-type diodes with W/L=15um/5um and different perimeters (40pum, 80um,
and 120um) under forward ESD stress conditions are below 6A. The TLP It2 of the
P-type diodes with W/L=150um/30um and different perimeters (360pm, 1080um,
and 1800um) under forward ESD stress conditions are over 6A. The TLP It2 of the
N-type diodes with W/L=5um/5um and different perimeters (20pm, 40pm, and 60pm)
under forward ESD stress conditions are below 1.58A. The TLP It2 of the N-type
diodes with W/L=15um/5um and different perimeters (40pum, 80um, and 120um)
under forward ESD stress conditions are below 6A. The TLP It2 of the N-type diodes
with W/L=150um/30um and different ‘perimeters (360um, 1080um, and 1800pum)
under forward ESD stress conditions are over 6A. The TLP It2 of the NW-type diodes
with W/L=5Sum/5um and different perimeters (20um, 40pm, and 60um) under
forward ESD stress conditions are below 1.7A. The TLP It2 of the NW-type diodes
with W/L=15um/5um and different perimeters (40um, 80um, and 120pum) under
forward ESD stress conditions are below 6A. The TLP It2 of the NW-type diodes with
W/L=150pum/30um and different perimeters (360um, 1080um, and 1800um) under
forward ESD stress conditions are over 6A. The TLP I-V curves of the P-type, N-type,
and NW-type ESD diodes under different perimeters were characterized, as shown in
Fig. 3.7 — Fig. 3.15 and Table 3.1 — Table 3.3. The experimental result shows that

under the same perimeters, the ESD robustness is improved with larger width of the

ESD diode.

3.3 HUMAN-BODY-MODEL (HBM) ESD ROBUSTNESS
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The human body model is today the most commonly used discharge model in
the microelectronic industry. The intention of the model is to reduce a discharge of a
charged human being to a device with at least one pin grounded. Although the risk of
an IC was getting touched by a charged human being has decreased significantly due
to automatic handing. The HBM ESD test standard is well defined by international
standards [27]-[29]. The It2 level and HBM ESD level of three types of N-type diodes
with different total junction perimeters under forward and reversed ESD stress
conditions are shown in Fig. 3.16 and Fig. 3.17. Under forward ESD stress conditions,
the It2 level of N-type diode with 50-um junction perimeters is ~2A, and the HBM
ESD level is above 2kV. Under forward ESD stress conditions, the It2 level of N-type
diode with 100-um junction perimeters is ~4A, and the HBM ESD level is above 2kV.
Under forward ESD stress conditions, the It2 level of N-type diode with 150-pm
junction perimeters is over 6A,-and the HBM ESD level is above 2kV. Under forward
ESD stress conditions, the It2 level of N-type diode - with 200-um junction perimeters
is over 6A, and the HBM ESD level isiabove 2kV. Under forward ESD stress
conditions, the It2 level of N-type diode with 250-um junction perimeters is over 6A,
and the HBM ESD level is above 2kV. Under reversed ESD stress conditions, the It2
level of N-type diode with 50-um junction perimeters is below 0.2A, and the HBM
ESD level is 0.5kV. Under reversed ESD stress conditions, the It2 level of N-type
diode with 100-pum junction perimeters is below 0.3A, and the HBM ESD level is 1kV.
Under reversed ESD stress conditions, the It2 level of N-type diode with 150-um
junction perimeters is below 0.5A, and the HBM ESD level is 1kV. Under reversed
ESD stress conditions, the It2 level of N-type diode with 200-um junction perimeters
is below 0.6A, and the HBM ESD level is 1kV. Under reversed ESD stress conditions,

the It2 level of N-type diode with 250-um junction perimeters is below 0.7A, and the
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HBM ESD level is 1.5kV. Under forward ESD stress conditions, the It2 level of
NW-type diode with 50-um junction perimeters is ~2A, and the HBM ESD level is
above 2kV. Under forward ESD stress conditions, the It2 level of NW-type diode with
100-um junction perimeters is ~4A, and the HBM ESD level is above 2kV. Under
forward ESD stress conditions, the It2 level of NW-type diode with 150-um junction
perimeters is over 6A, and the HBM ESD level is above 2kV. Under forward ESD
stress conditions, the It2 level of NW-type diode with 200-um junction perimeters is
over 6A, and the HBM ESD level is above 2kV. Under forward ESD stress conditions,
the It2 level of NW-type diode with 250-pum junction perimeters is over 6A, and the
HBM ESD level is above 2kV. Under reversed ESD stress conditions, the It2 level of
NW-type diode with 50-um junction perimeters is below 0.3A, and the HBM ESD
level is 0.5kV. Under reversed ESD stress conditions, the [t2 level of NW-type diode
with 100-um junction perimeters 1s below 0.3A; and the HBM ESD level is 0.5kV.
Under reversed ESD stress conditions; the It2 level of NW-type diode with 150-pum
junction perimeters is below 0.5A, and the HBM ESD level is 1kV. Under reversed
ESD stress conditions, the It2 level of NW-type diode with 200-um junction
perimeters is below 0.6A, and the HBM ESD level is 1.5kV. Under reversed ESD
stress conditions, the It2 level of NW-type diode with 250-um junction perimeters is
below 0.7A, and the HBM ESD level is 1.5kV. Under forward ESD stress conditions,
the It2 level of NMOS-bonded-type diode with 50-um junction perimeters is ~2A,
and the HBM ESD level is 1.5kV. Under forward ESD stress conditions, the It2 level
of NMOS-bonded-type diode with 250-um junction perimeters is over 6A, and the
HBM ESD level is above 2kV. Under forward ESD stress conditions, the It2 level of

NMOS-bonded-type diode with 500-pum junction perimeters is over 6A, and the HBM
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ESD level is above 2kV. Under reversed ESD stress conditions, the It2 level of
NMOS-bonded-type with 50-um junction perimeters is below 0.2A, and the HBM
ESD level is 0.5kV. Under reversed ESD stress conditions, the It2 level of
NMOS-bonded-type diode with 250-um junction perimeters is below 0.4A, and the
HBM ESD level is 1kV. Under reversed ESD stress conditions, the It2 level of
NMOS-bonded-type diode with 500-um junction perimeters is below 1.4A, and the
HBM ESD level is 2kV. The HBM ESD levels are greater then 2kV and the It2
currents are larger than 6A when perimeters of the three types of N-type diodes are
greater then 150 pum. By interpolation, the diode junction perimeters can be
determined (around above 35.4um) when It2 current on 1.4A in order to sustain 2kV
HBM ESD level, thus, the minimum sizes of N-type diodes can be evaluated. Under
forward ESD stress conditions, .the, It2 level of P-type diode with 50-um junction
perimeters is ~3A, and the HBM ESD level is above:2kV. Under forward ESD stress
conditions, the It2 level of P-type diode with 150-pm junction perimeters is over 6A,
and the HBM ESD level is above 2kV. Under forward ESD stress conditions, the 1t2
level of P-type diode with 200-pum junction perimeters is over 6A, and the HBM ESD
level is above 2kV. Under forward ESD stress conditions, the It2 level of P-type diode
with 250-pum junction perimeters is over 6A, and the HBM ESD level is above 2kV.
Under reversed ESD stress conditions, the It2 level of P-type diode with 50-um
junction perimeters is below 0.2A, and the HBM ESD level is 1kV. Under reversed
ESD stress conditions, the It2 level of P-type diode with 150-pum junction perimeters
is ~0.5A, and the HBM ESD level is 1.5kV. Under reversed ESD stress conditions, the
It2 level of P-type diode with 200-um junction perimeters is below 0.7A, and the

HBM ESD level is 2kV. Under reversed ESD stress conditions, the It2 level of P-type
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diode with 250-pum junction perimeters is below 0.9A, and the HBM ESD level is 2kV.
Under forward ESD stress conditions, the It2 level of PMOS-bonded-type diode with
50-um junction perimeters is ~3A, and the HBM ESD level is above 2kV. Under
forward ESD stress conditions, the It2 level of PMOS-bonded-type diode with
250-pm junction perimeters is over 6A, and the HBM ESD level is above 2kV. Under
forward ESD stress conditions, the It2 level of PMOS-bonded-type diode with
500-um junction perimeters is over 6A, and the HBM ESD level is above 2kV. Under
reversed ESD stress conditions, the It2 level of PMOS-bonded-type with 50-um
junction perimeters is below 0.2A, and the HBM ESD level is 0.5kV. Under reversed
ESD stress conditions, the It2 level of PMOS-bonded-type diode with 250-um
junction perimeters is below 0.6A, and.the HBM ESD level is 1.5kV. Under reversed
ESD stress conditions, the It2=level ;0f PMOS-bonded-type diode with 500-pum
junction perimeters is below 1.4A, and the HBM ESD level is 2kV. The It2 level and
HBM ESD level of two types of P-type diodes with-different total junction perimeters
under forward and reversed ESD stress conditions are shown in Fig. 3.18 and Fig.
3.19. The HBM ESD levels are greater then 2kV and the It2 currents are larger than
6A when perimeters of the two types of P-type diodes are greater then 150 um. By
interpolation, the diode junction perimeters can be determined (around above 24.1um)
when It2 current on 1.4A in order to sustain 2kV HBM ESD level, thus, the minimum

sizes of P-type diodes can be evaluated.

3.4 MACHINE-MODEL (MM) ESD ROBUSTNESS

The reverse bias and forward bias of three types of N-type diodes with different

total junction perimeters under MM ESD stress conditions are shown in Fig. 3.20.
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Under forward ESD stress conditions, the MM ESD level of N-type diode with 50-um
junction perimeters is 250V. Under forward ESD stress conditions, the MM ESD level
of N-type diode with 100-um junction perimeters is 200V. Under forward ESD stress
conditions, the MM ESD level of N-type diode with 150-um junction perimeters is
300V. Under forward ESD stress conditions, the MM ESD level of N-type diode with
200-um junction perimeters is 350V. Under forward ESD stress conditions, the MM
ESD level of N-type diode with 250-um junction perimeters is 350V. Under reversed
ESD stress conditions, the MM ESD level of N-type diode with 50-um junction
perimeters is 50V. Under reversed ESD stress conditions, the MM ESD level of
N-type diode with 100-um junction perimeters is 50V. Under reversed ESD stress
conditions, the MM ESD level of N-typeidiede with 150-um junction perimeters is
100V. Under reversed ESD stress conditions, the MM ESD level of N-type diode with
200-um junction perimeters is 400V. Under reversedESD stress conditions, the MM
ESD level of N-type diode with 250-um junction perimeters is 100V. Under forward
ESD stress conditions, the MM ESD level of NW-type diode with 50-um junction
perimeters is 200V. Under forward ESD stress conditions, the MM ESD level of
NW-type diode with 100-um junction perimeters is 250V. Under forward ESD stress
conditions, the MM ESD level of NW-type diode with 150-pum junction perimeters is
350V. Under forward ESD stress conditions, the MM ESD level of NW-type diode
with 200-um junction perimeters is 400V. Under forward ESD stress conditions, the
MM ESD level of NW-type diode with 250-um junction perimeters is 400V. Under
reversed ESD stress conditions, the MM ESD level of NW-type diode with 50-um
junction perimeters is 100V. Under reversed ESD stress conditions, the MM ESD

level of NW-type diode with 100-um junction perimeters is 100V. Under reversed
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ESD stress conditions, the MM ESD level of NW-type diode with 150-um junction
perimeters is 150V. Under reversed ESD stress conditions, the MM ESD level of
NW-type diode with 200-pum junction perimeters is 150V. Under reversed ESD stress
conditions, the MM ESD level of NW-type diode with 250-pum junction perimeters is
150V. Under forward ESD stress conditions, the MM ESD level of
NMOS-bonded-type diode with 50-um junction perimeters is 100V. Under forward
ESD stress conditions, the MM ESD level of NMOS-bonded-type diode with 250-um
junction perimeters is 200V. Under forward ESD stress conditions, the MM ESD level
of NMOS-bonded-type diode with 500-um junction perimeters is 450V. Under
reversed ESD stress conditions, the MM ESD level of NMOS-bonded-type diode with
50-um junction perimeters is 50V. Under reversed ESD stress conditions, the MM
ESD level of NMOS-bonded-type diode-with 2504um junction perimeters is 100V.
Under reversed ESD stress conditions, the MM ESD level of NMOS-bonded-type
diode with 500-um junction perimeters i1s 150V. Under forward ESD stress conditions,
the MM ESD level of P-type diode with 50-um junction perimeters is 200V. Under
forward ESD stress conditions, the MM ESD level of P-type diode with 150-pum
junction perimeters is 300V. Under forward ESD stress conditions, the MM ESD level
of P-type diode with 200-um junction perimeters is 350V. Under forward ESD stress
conditions, the MM ESD level of P-type diode with 250-um junction perimeters is
400V. Under reversed ESD stress conditions, the MM ESD level of P-type diode with
50-um junction perimeters is S0V. Under reversed ESD stress conditions, the MM
ESD level of P-type diode with 150-um junction perimeters is 100V. Under reversed
ESD stress conditions, the MM ESD level of P-type diode with 200-um junction

perimeters is 100V. Under reversed ESD stress conditions, the MM ESD level of
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P-type diode with 250-um junction perimeters is 100V. Under forward ESD stress
conditions, the MM ESD level of PMOS-bonded-type diode with 50-um junction
perimeters is 250V. Under forward ESD stress conditions, the MM ESD level of
PMOS-bonded-type diode with 250-um junction perimeters is 250V. Under forward
ESD stress conditions, the MM ESD level of PMOS-bonded-type diode with 500-um
junction perimeters is 500V. Under reversed ESD stress conditions, the MM ESD
level of PMOS-bonded-type diode with 50-um junction perimeters is 50V. Under
reversed ESD stress conditions, the MM ESD level of PMOS-bonded-type diode with
250-um junction perimeters is 100V. Under reversed ESD stress conditions, the MM
ESD level of PMOS-bonded-type diode with 500-um junction perimeters is 150V.
The MM ESD level of maximum diedesjunction perimeters is above 300V when
under forward stress conditions: However, the. MM ESD level of maximum diode
junction perimeters is below 150V when under reverse stress conditions. The reverse
bias and forward bias of two types of P-type diodes with different total junction
perimeters under MM ESD stress conditions are shown in Fig. 3.21. The MM ESD
level of maximum diode junction perimeters is above 400V when under forward
stress conditions. However, the MM ESD level of maximum diode junction

perimeters is below 100V when under reverse stress conditions.

3.5 PARASITIC CAPACITANCE OF ESD DIODES AT

5-GHz

About the high frequency S-parameter measurement system, combine with
network analyzer (HP 8510C), S-parameters test set (HP 8517B), synthesized sweeper

(HP 83651A), DC source monitor (HP 4142B), RF probe station & microscope as
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shown in Fig. 3.22, are used for investigate the parasitic characteristics at 5-GHz. The
measured parasitic capacitance of stand-alone pads (70 pum % 60 um) is shown in Fig.
3.23 and Table 3.4. The diodes were investigated by two-port GSG pad structure to
measure the parasitic capacitance. At the first, we simulated the parasitic capacitance
of diodes under different junction perimeters in zero bias conditions are shown in Fig.
3.24 and Table 3.5 for reference. After GSG de-embedded, the N-type diodes parasitic
capacitance under zero biases is shown in Fig. 3.25 and Table 3.6, the parasitic
capacitance at 5-GHz is 18.16fF of N-type diode with 60-um perimeters, and the
parasitic capacitance at 5-GHz is 62.25fF of N-type diode with 120-um perimeters,
and the parasitic capacitance at 5-GHz is 628.87fF of N-type diode with 1800-um
perimeters. The P-type diodes parasitic capacitance under zero biases are shown in
Fig. 3.26 and Table 3.7, the paragitic capacitance at 5S-GHz is 42.62fF of P-type diode
with 60-um perimeters, and the parasitic capacitancé at 5-GHz is 52.85fF of P-type
diode with 120-um perimeters, and the parasitic capacitance at 5-GHz is 410.88fF of
P-type diode with 1800-um perimeters." The NW-type diodes parasitic capacitance
under zero biases is shown in Fig. 3.27 and Table 3.8, the parasitic capacitance at
5-GHz is 60.97fF of NW-type diode with 60-um perimeters, and the parasitic
capacitance at 5-GHz is 55.04fF of NW-type diode with 120-um perimeters, and the
parasitic capacitance at 5-GHz is 290.65fF of NW-type diode with 1800-um

perimeters.

3.6 ESD PROTECTION DESIGN EXAMPLE FOR 5-GHz

HIGH-SPEED 1/0 APPLICATIONS

In order to achieve the minimum parasitic capacitance, and above 2kV HBM
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ESD level, the junction perimeter of the N-type diode can be determined by
interpolation (which is around 35.4um), and the junction perimeter of the P-type
diode can be determined by interpolation (which is around 24.1um) to have the It2
current of 1.4A, which corresponds 2kV HBM ESD level. The parasitic capacitance
combine with three types of bond pad structures and three types of diodes under
different junction perimeters are listed. The total parasitic capacitance of bond pad in
structure I (metal 1 to metal 8) with the N-type diode size determined by interpolation
(which is around 35.4um) and the P-type diode size determined by interpolation
(which is around 24.1um) is around 420.77fF. The total parasitic capacitance of bond
pad in structure II (metal 6 to metal 8) with the N-type diode size determined by
interpolation (which is around 35.4um) and the P-type diode size determined by
interpolation (which is around.24.lum)is around 120.47fF. The total parasitic
capacitance of bond pad in structure HI (metal 8) with the N-type diode size
determined by interpolation (which is around 35:4um) and the P-type diode size
determined by interpolation (which is around 24.1um) is around 103.87fF. The

optimize design example are summarize and listed as shown in Fig. 3.28 and Table

3.9 — Table 3.11.

3.7 SUMMARY

The ESD robustness and high-frequency characteristics of different ESD diode
structures are investigated, under the same perimeter, the parasitic capacitance of
P-type ESD diode is greater then the other types due to heavy doping of p-n junction.
Besides, the ESD robustness of NW-type is greater then the other types because large

p-n junction can discharge ESD current more efficiently. The high-speed I/O ESD
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protection design with low enough parasitic capacitance and high enough ESD level
had been actually verified in a 0.13-um CMOS process. This extracted database can

be further referenced for high-speed 1/0 design in 0.13-um CMOS processes.
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Table 3.1

The ESD robustness of P-type diode.

P-type Diode
ltem| W L PJ DC. _ ESD Robustness
(um) | (um) M (um) Parasitic t2 |HBM| MM CDM (V)
Cap.(fFF) [ (A) [(kV)| V) | (+) | (9
1 1 20 25.93 0.62 1 50 | 350 (>500
2 5 5 [2] 40 51.85 1.17 2 | 100 | 500 |>500
3 3| 60 77.78 160 | 2.5 | 150 [>500(>500
4 1| 40 75.68 1.47 3 | 150 |>500(> 500
5 15 5 [2] 80 151.35 | 4.18 6 | 200 (>500(>500
6 3| 120 | 227.03 |>6.00( >8 | 250 |>500(>500
7 1| 360 | 10374.30 | >6.00| >8 | 400 |>500|> 500
8 | 150 | 30 | 3]|1080|31122.90 |>6.00( >8 | 800 |>500|>500
9 5|1800| 51871.50 | >6.00( >8 | 1000 | > 500 (> 500
Table 3.2  The ESD robustness of N-type diode.
N-type Diode
ltem| W L PJ DC. _ ESD Robustness
(um) | (um) M (um) Parasitic t2 |HBM| MM CDM (V)
Cap.(fF) | (A) |(kV)| (V) | () | (9
1 1 20 20.04 0.55 1 100 |>500| 500
2 5 5 [2] 40 40.07 0.97 2 | 100 |>500(>500
3 3| 60 60.11 1.58 3 | 150 |>500] 500
4 1| 40 58.12 1.56 3 | 100 |>500(>500
5 15 5 [2] 80 116.24 3.75 6 | 200 (>500(>500
6 3120 | 17436 |>6.00( >8 | 250 |>500(> 500
7 1| 360 | 7875.10 |>6.00| >8 | 100 | >500|> 500
8 | 150 | 30 | 3 (1080|23625.20 |>6.00| >8 | 150 |>500(|> 500
9 51|1800| 39375.30 | >6.00( >8 | 200 |>500(>500
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Table 3.3  The ESD robustness of NW-type diode.
NW-type Diode
ltem| W L PJ DC. _ ESD Robustness
(um) | (um) M (um) Parasitic t2 |HBM| MM CDM (V)
il b " capF) | A) [V V) [ @) @)
1 1 20 2410 0.61 1 50 |>500| 450
2 5 5 [2] 40 48.20 1.38 2 100 |>500|> 500
3 3| 60 72.30 1.70 3 100 |>500|> 500
4 1] 40 52.10 1.84 3 100 |>500|> 500
5 15 5 | 2] 80 104.20 3.90 6 150 |>500|> 500
6 3] 120 | 156.30 [>6.00( >8 | 200 (>500|>500
7 1] 360 | 2472.60 | >6.00| >8 | 500 |>500|> 500
8 150 | 30 | 31080 | 741780 .| >6.00| >8 | 700 |>500|> 500
9 511800 |.12363.00 | >6.00( >8 | 1050 (> 500|> 500
Table 3.4  The measured parasitic capacitance.of empty pads (70 pm x 60 pm)
under different DC biases for different pad structures.
Capacitance (fF
Pad/Cap. P i
DC=0V|DC=0.1V|DC=0.5V DC=1V
Metal 1 - |2.5 GHz| 74.81 73.62 68.53 63.75
Metal 8 5 GHz | 65.03 64.1 58.9 55.51
metal 6 - |2.5 GHz| 52.21 | 52.25 52.25 | 52.29
Metal 8 5GHz | 47.3 47.26 47.28 47.25
Metal 8 |2.5 GHz| 3.72 3.75 3.75 3.65
5 GHz 1.7 1.72 1.62 1.62
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Table 3.5  The parasitic capacitance of diodes under different junction perimeters

in zero bias conditions.

Parasitic Capacitance
DION L130E | DIONW _L130E | DIOP L130E
PJ (um)
(fF) (fF) (fF)
50 77.17 66.10 100.55
100 154.33 132.20 201.10
150 231.50 198.30 301.65
200 308.66 264.40 402.20
250 385.83 330.50 502.75

Table 3.6 The N-type-diodes parasitic.capacitance under zero biases.

N-Type Diode

Zero-Biased Parasitic

w L PJ Capacitance (fF)
M
(um) | (um) (nm) Freq. Freq. Freq.
0.1GHz | 2.5GHz | 5GHz
5 5 1 20 48.75 37.87 37.27
5 5 2| 40 77.35 59.68 37.15
5 5 3| 60 99.91 35.23 18.16
15 5 1 40 124.26 66.32 48.78
15 5 2| 80 203.50 89.71 56.51
15 5 3| 120 228.04 116.86 | 62.25
150 | 30 (1 | 360 | 384241 | 410.26 | 121.66
150 | 30 |3 [ 1080 686.09 628.82 | 309.69
150 | 30 |5 | 1800 | 5056.51 | 879.12 | 628.87
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Table 3.7

The P-type diodes parasitic capacitance under zero biases.

P-Type Diode
Zero-Biased Parasitic
w L M PJ Capacitance (fF)
(um) | (um) (um) | Freq. | Freq. | Freq.
0.1GHz | 2.5GHz | 5GHz
5 5 1 20 57.77 27.92 28.36
5 5 2| 40 38.93 44.09 32.86
5 5 3| 60 58.66 54.94 42.62
15 5 1 40 32.36 51.14 44.71
15 5 2 80 88.39 77.70 48.82
15 5 3| 1207 159.91 | 112.98 52.85
150 | 30 | 1.5 360 _| 845.29 | 428.25 | 306.57
150 | 30 | 3 | 1080-{2269.96 | 540.34 | 470.54
150 | 30 | 51800 (2001.79 | 603.51 | 410.88
Table 3.8 The NW-type diodes parasitic.capacitance under zero biases.

NW-Type Diode
Zero-Biased Parasitic
W L PJ Capacitance (fF)
M

(um) | (um) (um) | Freq. | Freq. | Freq.
0.1GHz | 2.5GHz | 5GHz
5 5 1 20 30.97 40.47 39.98
5 5 2 40 79.24 55.68 48.27
5 5 3 60 100.88 71.03 60.97
15 5 1 40 85.25 69.27 49.74
15 5 2 80 107.27 81.92 50.98
15 5 3 | 120 110.17 | 122.38 55.04
150 30 |1 | 360 |1365.59 | 347.58 | 215.16
150 30 |3 | 1080 | 1336.02 | 508.89 | 421.73
150 30 | 5 | 1800 | 2221.19 | 485.70 | 290.65
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Table 3.9  The combinations of parasitic effects by using metal 1 to metal 8 layers

of bond pad structure.

PJ (um) | Cpads (fF) Coiop_L130e (fF) Coion_L130e (fF) Crotai1 (fF)
25.00 38.36 29.56 409.92
30.00 50.80 39.10 431.90
35.00 63.24 48.60 453.84
40.00 75.68 58.12 475.80
45.00 + 88.11 + 67.64 = 497.75

342.00
50.00 100.55 77.17 519.72
100.00 201.10 154.33 697.43
150.00 301.65 231.50 875.15
200.00 402.20 308.66 1052.86
250.00 502.75 385.83 1230.58

PJ (um) | Cpads (fFF) Coiop 1'130e (fF) Coionw L130e (fF) Crotai1 (fF)
25.00 38.36 31.10 411.46
30.00 50.80 38.10 430.90
35.00 63.24 45.10 450.34
40.00 75.68 52.10 469.78
45.00 + 88.11 + 59.10 = 489.21

342.00
50.00 100.55 66.10 508.65
100.00 201.10 132.20 675.30
150.00 301.65 198.30 841.95
200.00 402.20 264.40 1008.60
250.00 502.75 330.50 1175.25
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Table 3.10 The combinations of parasitic effects by using metal 6 to metal 8 layers

of bond pad structure.

PJ (um) | Cpadz (fF) Coiop_r130e (fF) Coion_13oe (fF) Crotar2 (fF)
25.00 38.36 29.56 109.62
30.00 50.80 39.10 131.60
35.00 63.24 48.60 153.54
40.00 75.68 58.12 175.50
45.00 + 88.11 + 67.64 = 197.45

41.70
50.00 100.55 77.17 219.42
100.00 201.10 154.33 397.13
150.00 301.65 231.50 574.85
200.00 402.20 308.66 752.56
250.00 502.75 385.83 930.28

PJ (um) | Cpadz (fF) Coiop 1'130e (fF) Coionw L130e (fF) Crotal2 (fF)
25.00 38.36 31.10 111.16
30.00 50.80 38.10 130.60
35.00 63.24 45,10 150.04
40.00 75.68 52.10 169.48
45.00 + 88.11 + 59.10 = 188.91
s000 | 100.55 66.10 208.35
100.00 201.10 132.20 375.00
150.00 301.65 198.30 541.65
200.00 402.20 264.40 708.30
250.00 502.75 330.50 874.95
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Table 3.11 The combinations of parasitic effects by using only metal 8 layer of

bond pad structure.

PJ (um) | Cpads (fF) Coiop_r130e (fF) Coion_13oe (fF) Crotais (fF)
25.00 38.36 29.56 93.02
30.00 50.80 39.10 115.00
35.00 63.24 48.60 136.94
40.00 75.68 58.12 158.90
45.00 25 10 + 88.11 + 67.64 = 180.85
50.00 100.55 77.17 202.82
100.00 201.10 154.33 380.53
150.00 301.65 231.50 558.25

200.00 402.20 308.66 735.96
250.00 502.75 385.83 913.68

PJ (um) | Cpads (fF) Coiop 130k (fFF) Coionw L130e (fF) Crrotais (fF)
25.00 38.36 31.10 94.56
30.00 50.80 38.10 114.00
35.00 63.24 45,10 133.44
40.00 75.68 52.10 152.88
45.00 25 10 + 88.11 + 59.10 = 172.31
50.00 100.55 66.10 191.75
100.00 201.10 132.20 358.40
150.00 301.65 198.30 525.05
200.00 402.20 264.40 691.70
250.00 502.75 330.50 858.35
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Fig. 3.1  The curve tracer HP 4145B.
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108V, -1A

¥

1.2V, -603.9 pA

(e) ()

Fig. 3.2 The (a) DC I-V characteristic and (b) leakage currents of N-type diodes,
and the (c) DC I-V characteristic and (d) leakage currents of P-type diodes,
and the (e) DC I-V characteristic and (f) leakage currents of NW-type
diodes.
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Fig. 3.3  The (a) DC I-V characteristic and (b) leakage currents of NMOS-Bounded

diodes, and the (c) DC I-V characteristic and (d) leakage currents of
PMOS-Bounded diodes.
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Fig. 3.4  The transmission line pulse generator (TLPG) setup environment.
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Fig. 3.5 The TLP-measured I-V characteristics of N-type diodes (a) under reversed
mode stress and (b) forward mode stress conditions.
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The TLP-measured I-V characteristics of P-type diodes (a) under reversed

mode stress and (b) forward mode stress conditions.
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The It2 level of P-type diode (W=5um, L=5um) with different fingers
under forward mode ESD stress conditions.
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Fig. 3.8  The It2 level of P-type diode (W=15um, L=Sum) with different fingers
under forward mode ESD sttéss conditions.
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Fig. 3.9  The It2 level of P-type diode (W=150um, L=30um) with different fingers
under forward mode ESD stress conditions.
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Fig. 3.10 The It2 level of N-type diode (W=5um, L=5um) with different fingers
under forward mode ESD stress ¢onditions.
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Fig. 3.11 The It2 level of N-type diode (W=15um, L=5um) with different fingers
under forward mode ESD stress conditions.
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Fig. 3.12 The It2 level of N-type diode (W=150um, L=30um) with different fingers
under forward mode ESD stress ¢onditions.
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Fig. 3.13 The It2 level of NW-type diode (W=5um, L=5um) with different fingers
under forward mode ESD stress conditions.
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Fig. 3.14 The It2 level of NW-type diode (W=15um, L=5um) with different fingers
under forward mode ESD stress ¢onditions.
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Fig. 3.15 The It2 level of NW-type diode (W=150um, L=30um) with different

fingers under forward mode ESD stress conditions.
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Fig. 3.16 The (a) It2 level, and (b) HBM ESD level, of N-type diode with different

total junction perimeters under forward mode ESD stress conditions.
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Fig. 3.17 The (a) It2 level, and (b) HBM ESD level, of N-type diode with different

total junction perimeters under reversed mode ESD stress conditions.
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Fig. 3.18 The (a) It2 level, and (b) HBM ESD level, of P-type diode with different

total junction perimeters under forward mode ESD stress conditions.
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Fig. 3.19 The (a) It2 level, and (b) HBM ESD level, of P-type diode with different

total junction perimeters under reversed mode ESD stress conditions.
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Fig. 3.20 The (a) reverse bias, and (b) forward bias, of N-type diodes with different

total junction perimeters under MMM ESD stress conditions.
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Fig. 3.21 The (a) reverse bias, and (b) forward bias, of P-type diodes with different

total junction perimeters under MM ESD stress conditions.
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Fig. 3.23 The measured parasitic capacitance of stand-alone pads (70 umx 60 pm
under different DC biases for different pad structures (a) metal 1 to metal
8, (b) metal 6 to metal 8, and (c) metal 8 only.
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Fig. 3.25 The N-type diodes parasitic capacitance under different perimeters in (a)
W=5um, L=5um, (b) W=15pum, L=5pm, (c¢) W=150pm, L=30um.
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Fig. 3.26 The P-type diodes parasitic capacitance under different perimeters in (a)

W=5um, L=5pum, (b) W=15um, L=5pum, (c) W=150pm, L=30um.
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Fig. 3.27 The NW-type diodes parasitic capacitance under different perimeters in (a)
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Fig. 3.28 The design example for high=speéd-interface circuits with ESD protection.

-58 -



CHAPTER 4
5-GHz TRANSMITTER (TX) AND RECEIVER (RX)

INTERFACE CIRCUITS WITH ESD PROTECTION

This chapter presents the commercial high-speed interface circuit operating at
5-GHz with ESD protection circuit. Two types of ESD protection schemes under
different dimensions were investigated, and the double diodes with the turn-on
efficient power-rails ESD clamp circuit are used in the transmitter (TX) and receiver
(RX) interface circuits. Besides, additional diode test device under different
dimensions and ESD protection schemes are designed and evaluated. Further more,
the simulated results of RX intérface circuit.with. ESD protection under different
schemes also be evaluated. At arequired ESD level, the method to reduce the parasitic
capacitance of the ESD protection devices~and. to-achieve good high-speed circuit

performance will be reported.

4.1 TX/RXTEST CIRCUITSWITH ESD PROTECTION

In order to sustain the required ESD level and to reduce the drain junction width
of the output MOSFET in the TX interface circuit, the TX interface circuit with the
power-rail ESD clamp circuits realized by the MOSFET Mngsp (Wrorar=400pum)
have three different DX (the drain side contact to poly edge spacing) are used to have
reduced parasitic capacitance and better high-speed circuit performance. Besides, to
reduce the drain junction width of the output MOSFET in the TX interface circuit, the

TX interface circuit with the power-rail ESD clamp circuits realized by the embedded
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P-type trigger silicon-controlled rectifier (EPTSCR) (W=59.6um) have four different
DX (the drain side contact to poly edge spacing) are used to have reduced parasitic
capacitance and better high-speed circuit performance. The two aforementioned ESD
protection schemes are shown in Fig. 4.1 and Table 4.1 — Table 4.2. The RX interface
circuit with the power-rail ESD clamp circuits formed by the MOSFET Mngsp
(Wrorar=400um) and the embedded P-type trigger silicon-controlled rectifier

(EPTSCR) (W=59.6um) uses the devices with two operating voltages, which are
shown in Fig. 4.2 and Table 4.3 — Table 4.4. In the TX test circuit, the bond pad is
connected to the drain terminal of the output MOSFET, which means the drain
junction of the output MOSFET will be stressed under ESD conditions. In the RX test
circuit, the bond pad is connected to the gate terminal of the input MOSFET, which
means the gate oxide of the inputf MOSEET will'be stressed under ESD conditions.
Besides, the EMMI (photon emission microscope) photograph to locate the failure
location in ESD diode Dp is shown in Fig. 4.3. This means under the non-socket
negative CDM ESD test, the negative .charge'is first stored in the substrate and then
discharged to the I/O pad, the ESD protection capability of the ESD diode Dp is
smaller then that of the power-rail ESD clamp device, so the ESD diode D, is
damaged under the non-socket negative CDM ESD test. The EMMI photograph
shows the failure location is in the ESD diode Dp. Therefore, the ESD diode Dp may

need to be modified for higher ESD robustness.

4.2 SIMULATED RESULTS OF INTERFACE CIRCUITS

WITH ESD PROTECTION

The RX interface circuit with ESD double diodes and power-rail ESD clamp
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circuit is shown in Fig. 4.4. The core circuit was blocked. The ESD double diodes
were placed between core circuit and bond pad to co-operate with power-rail ESD
clamp circuit. With the power-rail ESD clamp circuit, the ESD diodes will operated in
the forward-biased conduction, rather than the junction breakdown condition, and
provide the ESD discharge current path more efficiently to get higher ESD robustness
when under ESD stresses. During the design of the 5-GHz RX interface circuit with
ESD protection, the parasitic effect of the bond pad and ESD clamp devices should be
taken into considered. The parasitic effect of the bond pad and ESD clamp devices
can be referred in “ESD Protection Design Example for 5-GHz High-Speed /O
Applications” in Chapter 3. The input stage of the RX interface circuit is a differential
pair and the test patterns for 5-GHz specification are shown in Fig. 4.5. A capacitor
from the input node to bond pad with the capacitance between 75 nF to 200 nF is used
for DC blocking purpose. A 25-fF. capacitor.is used-as the output loading. To verify
the performance of the core circuit with-ESD-protection circuit, the simulated output
waveform of RX interface in typical corner are¢ all over 120mV,., with input test
patterns 1 and 2. The test patternl has alternative series 1 and 0 differential signals,
and the test pattern 2 has alternative five continuous 1 and 0 differential signals. The
two test patterns as shown in Fig. 4.6. The simulated results in five different process
corners are listed in Table 4.5. The minimum peak-to-peak output voltage is 126mV
in TT corner when input test pattern 1, and the minimum peak-to-peak output voltage
is 126mV in TT corner when input test pattern 2. The minimum peak-to-peak output
voltage is 63mV in SS corner when input test pattern 1, and the minimum
peak-to-peak output voltage is 63mV in SS corner when input test pattern 2. The
minimum peak-to-peak output voltage is 102mV in FF corner when input test pattern

1, and the minimum peak-to-peak output voltage is 102mV in FF corner when input
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test pattern 2. The minimum peak-to-peak output voltage is 98mV in FS corner when
input test pattern 1, and the minimum peak-to-peak output voltage is 98mV in FS
corner when input test pattern 2. The minimum peak-to-peak output voltage is 127mV
in SF corner when input test pattern 1, and the minimum peak-to-peak output voltage
is 127mV in SF corner when input test pattern 2. Two ESD protection schemes were
designed in the experimental test chip. Type I includes the ESD dual diodes under
different perimeters and the power-rail ESD clamp circuits with EPTSCR. Type II
includes ESD diodes under different perimeters at the top side, the
bottom-side-embedded-P-type-trigger-silicon-control-rectifier (BSEPTSCR) under
different perimeters at the bottom side, and the power-rail ESD clamp circuit with
EPTSCR (W=59.6um), as shown in Fig. 4.7 and Table 4.6. In order to mitigate
high-speed circuit performance degradation caused by the parasitic capacitance of the
bond pad, some of the ESD dévices were placed under the bond pad to reduce the
total parasitic capacitance. Moteover; therchipr area can be saved by placing some
ESD device under the bond pad. The parasitic'capacitance of the ESD device with
bond pad under different conditions is shown in Table 4.7. By placing the ESD
devices under bond pad structure can achieve more then 4fF and 3 percent decrease in
parasitic capacitance. The simulated results shows that the ESD devices under the

bond pad can further reduce the total parasitic capacitance.

4.3 LAYOUT DESCRIPTION OF INTERFACE

CIRCUITSWITH ESD PROTECTION

Base on two types of ESD protection schemes, some of the ESD devices are

place under the bond pad. For example, the “EPTSCR” device and the MOSFETs
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“Mp” and “My” can be placed under the bond pad. For type I ESD protection circuit,
which includes double ESD diodes under different perimeters and power-rail ESD
clamp circuit structures, the ESD diodes “Dp” and “D,” were placed under the two
sides of the bond pad. The power-rail ESD clamp device EPTSCR was placed under
the center of the bond pad. Besides, the power-rail ESD clamp device Mp and My can
be placed between EPTSCR and ESD diodes. The EPTSCR shares the same N-Well /
P-Well with the Mp / My of power-rail ESD clamp device in order to save more chip
area. The cross-sectional view of the ESD devices under the bond pad as shown in Fig.
4.8 and Fig. 4.9. For type II ESD protection circuit, which includes top side ESD
diode device and bottom side BSEPTSCR device, the ESD diode and BSEPTSCR
devices were placed under the bond pad, which means this method can further reduce
the total parasitic capacitance. Besides, the layout is the same as type I, except
replacing D, by EPTSCR. The layout top view.of the ESD devices under pad is
shown in Fig.4.10. The total layout atea is-4300,um % 1371.4 um. The layout top view

of the ESD devices with two types of ESD.protection schemes is shown in Fig. 4.11.

4.4 ESD ROBUSTNESS OF INTERFACE CIRCUITS

WITH ESD PROTECTION

The ESD robustness of Mygsp ESD protection scheme under different
dimensions of TX NMOS was not shown due to layout error. The ESD robustness of
EPTSCR ESD protection scheme under different dimensions of TX NMOS is shown
in Table 4.8. Under PS mode ESD test, the It2 level of TX NMOS with DX=2.15um
and 55um of Dp and D, junction perimeters is 3.2A, and the HBM and MM ESD
level of this structure is 7.5kV and 450V, respectively. Under NS mode ESD test, the

1t2 level of TX NMOS with DX=2.15um and 55um of Dp and D, junction perimeters
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is 1.7A, and the HBM and MM ESD level of this structure is above 8kV and 650V,
respectively. Under PD mode ESD test, the It2 level of TX NMOS with DX=2.15um
and 55um of Dp and D, junction perimeters is 1.7A, and the HBM and MM ESD
level of this structure is 4.5kV and 450V, respectively. Under ND mode ESD test, the
1t2 level of TX NMOS with DX=2.15um and 55um of Dp and D, junction perimeters
1s 4.57A, and the HBM and MM ESD level of this structure is 7.5kV and 350V,
respectively. Under non-socket CDM positive ESD test, the ESD level of TX NMOS
with DX=2.15um and 55um of Dp and D, junction perimeters is above 2kV. Under
non-socket CDM negative ESD test, the ESD level of TX NMOS with DX=2.15um
and 55um of Dp and D, junction perimeters is 350V. The experimental results showed
much stronger ESD robustness with, DX=2.15um and large perimeters of ESD
devices. Besides, the experimental results show thatincreasing ESD device perimeters
can have higher ESD robustness. The It2 level is 1.0ZA and HBM ESD level is 2.5kV
and MM ESD level is 200V under PS mode ESD: test, when the Mygsp is realized
with 1.2V device and the Dp and Dn are realized with 139.8um and 140.5um,
respectively. The It2 level is above 6A and HBM ESD level is 8kV and MM ESD
level is 200V under NS mode ESD test, when the Mngsp 1S realized with 1.2V device
and the Dp and Dn are realized with 139.8um and 140.5um, respectively. The It2
level is above 6A and HBM ESD level is 4.5kV and MM ESD level is 150V under PD
mode ESD test, when the Mygsp 1s realized with 1.2V device and the Dp and Dn are
realized with 139.8um and 140.5um, respectively. The It2 level is 4.2A and HBM
ESD level is 4.5kV and MM ESD level is 350V under ND mode ESD test, when the
Mnesp is realized with 1.2V device and the Dp and Dn are realized with 139.8um and
140.5um, respectively. The ESD level is 1kV under non-socket CDM positive ESD

test, when the Mngsp is realized with 1.2V device and the Dp and Dn are realized with
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139.8um and 140.5um, respectively. The ESD level is 400V under non-socket CDM
negative ESD test, when the Mygsp is realized with 1.2V device and the Dp and Dn
are realized with 139.8um and 140.5um, respectively. The 1t2 level is 2.87A and
HBM ESD level is 5.5kV and MM ESD level is 350V under PS mode ESD test, when
the Mngsp is realized with 3.3V device and the Dp and Dn are realized with 139.8um
and 140.5um, respectively. The It2 level is above 6A and HBM ESD level is 8kV and
MM ESD level is 550V under NS mode ESD test, when the Mygsp 1S realized with
3.3V device and the Dp and Dn are realized with 139.8um and 140.5um, respectively.
The It2 level is above 6A and HBM ESD level is above 8kV and MM ESD level is
500V under PD mode ESD test, when the Mygsp is realized with 1.2V device and the
Dp and Dn are realized with 139.8um, and. 140.5um, respectively. The It2 level is
4.3A and HBM ESD level is 4.5kV and MM ESD level is 350V under ND mode ESD
test, when the Mngsp is realized-with 1.2V.device and the Dp and Dn are realized with
139.8um and 140.5um, respectively. The ESD level is above 2kV under non-socket
CDM positive ESD test, when the Mygsp 1s realized with 3.3V device and the Dp and
Dn are realized with 139.8um and 140.5um, respectively. The ESD level is 1300V
under non-socket CDM negative ESD test, when the Mngsp is realized with 3.3V
device and the Dp and Dn are realized with 139.8um and 140.5um, respectively. The
ESD robustness of Mngsp ESD protection scheme under different dimensions of
RX NMOS is shown in Table 4.9. The experimental results show that the thick gate
oxide RX NMOS has higher ESD robustness then thin gate oxide RX NMOS. The
1t2 level is 1.49A and HBM ESD level is 3kV and MM ESD level is 150V under PS
mode ESD test, when the EPTSCR is realized with 1.2V device and the Dp and Dn
are realized with 55um and 55um, respectively. The It2 level is 1.68A and HBM ESD

level is 4kV and MM ESD level is 200V under NS mode ESD test, when the EPTSCR

- 65 -



is realized with 1.2V device and the Dp and Dn are realized with 55um and 55um,
respectively. The It2 level is 1.71A and HBM ESD level is 4kV and MM ESD level is
150V under PD mode ESD test, when the EPTSCR is realized with 1.2V device and
the Dp and Dn are realized with 55um and 55um, respectively. The It2 level is 2.68A
and HBM ESD level is 4kV and MM ESD level is 250V under ND mode ESD test,
when the EPTSCR is realized with 1.2V device and the Dp and Dn are realized with
55um and 55um, respectively. The ESD level is 300V under non-socket CDM
positive ESD test, when the EPTSCR is realized with 1.2V device and the Dp and Dn
are realized with 55um and 55um, respectively. The ESD level is 300V under
non-socket CDM negative ESD test, when the EPTSCR is realized with 1.2V device
and the Dp and Dn are realized with 55um and 55um, respectively. The It2 level is
3.79A and HBM ESD level is 8kV and MM ESD level is 350V under PS mode ESD
test, when the EPTSCR is realized with 3.3V device and the Dp and Dn are realized
with 55um and 55um, respectively: The Tt2-1evel is 1.77A and HBM ESD level is 4kV
and MM ESD level is 350V under NS mode"ESD test, when the EPTSCR is realized
with 3.3V device and the Dp and Dn are realized with 55um and 55um, respectively.
The It2 level is 2.41A and HBM ESD level is 4.5kV and MM ESD level is 300V
under PD mode ESD test, when the EPTSCR is realized with 3.3V device and the Dp
and Dn are realized with 55um and 55um, respectively. The It2 level is 3.52A and
HBM ESD level is 4kV and MM ESD level is 350V under ND mode ESD test, when
the EPTSCR is realized with 3.3V device and the Dp and Dn are realized with 55um
and 55um, respectively. The ESD level is above 2kV under non-socket CDM positive
ESD test, when the EPTSCR is realized with 3.3V device and the Dp and Dn are
realized with 55pum and 55um, respectively. The ESD level is 300V under non-socket

CDM negative ESD test, when the EPTSCR is realized with 3.3V device and the Dp
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and Dn are realized with 55um and 55um, respectively. The ESD robustness of
EPTSCR ESD protection scheme under different dimensions of RX NMOS is shown
in Table 4.10. These experimental results show that the thick gate oxide RX NMOS

has higher ESD robustness then thin gate oxide RX NMOS.

4.5 DISCUSSION AND SUMMARY

The TX NMOS/RX_NMOS interface circuits with ESD protection circuits have
been designed and investigated. The experimental results of TX NMOS interface
circuits with ESD protection circuits in the 0.13-um CMOS process show much
stronger ESD robustness with DX=2.15um of TX NMOS with large perimeters of
ESD devices. Increasing ESD device perimeters can have higher ESD robustness.
Besides, the experimental results' of 'RX NMOS interface circuits with ESD
protection circuits in the 0.13-pum €MOS process also showed that the thick gate
oxide RX NMOS has higher ESD robustness then thin gate oxide RX NMOS. The
post-layout simulated result shows that the parasitic capacitance of the ESD devices
can be further reduced by placing the ESD devices under the bond pad. Two types of
RX interface circuit with ESD protection circuit have been designed and verified.
Besides, the ESD levels of TX NMOS and RX NMOS with ESD protection also

have been evaluated in the 0.13-um CMOS process.
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Table 4.1  The combinations of Mngsp ESD protection schemes under different
dimensions of TX NMOS drain side.

D, D, TX_NMOS M eso
Item w L [ PI DCParsitic[ W LT[ PI]DCParasitic DX Wrora | L
(um) | (um) (um) | cap.(fF) | (um) | (um) (um) | cap.(fF) (pm) (um) | (um) |
1 75 25 38.36 75 25 314 0.64
2 17.5 35 63.24 17.5 35 451 0.64
3 25| 5 |1] 45 88.11 25| 5 |1 45 59.1 0.64 400 | 018
4 275 55 117.99 275 55 734 0.64
5 64.9 129.8 323.9 65.24 130.48 192.8 0.64
3 75 25 38.36 75 25 314 1.36
7 17.5 35 63.24 175 35 451 1.36
8 25| 5 |1] 45 88.11 25| 5 |1 45 59.1 1.36 400 | 018
9 275 55 117.99 275 55 731 1.36
10 64.9 129.8 323.9 65.24 130.48 192.8 1.36
1 75 25 38.36 75 25 311 2.15
12 17.5 35 63.24 17.5 35 451 2.15
13 25| 5 |1] 45 88.11 25| 5 |1 45 59.1 2.15 400 | 018
14 275 55 117.99 275 55 734 2.15
15 64.9 129.8 323.9 65.24 130.48 192.8 215

Table 4.2  The combinations’of EPTSCR'ESD protection schemes under different
dimensions of TX 'NMOS drain side.

D, D, TX_NMOS | EPTSCR

Item w L [ ] PI ]DCParasiticw L [ a]. P2+ DCParasitic DX w L

(um) | (pm) (um) | Cap.(fF) Ji(um)| (pm) (pm) | Cap.(fF) (pm) (um) | (um)
1 75 25 38.36 75 25 311
2 175 35 63.24 17.5 35 45.1

3 25| 5 |1] 45 88.11 25| 5 |1 45 59.1 0.64 59.6 84
4 275 55 117.99 275 55 734
5 64.9 129.8 323.9 65.24 130.48 192.8
6 75 25 38.36 75 25 311
7 17.5 35 63.24 17.5 35 45.1

8 25| 5 |1] 45 88.11 25| 5 |1 45 59.1 114 59.6 84
9 275 55 117.99 275 55 731
10 64.9 129.8 323.9 65.24 130.48 192.8
1 75 25 38.36 75 25 311
12 175 35 63.24 17.5 35 45.1

13 25| 5 |1[ 45 88.11 25| 5 |1 45 59.1 1.65 59.6 8.4
14 275 55 117.99 275 55 731
15 64.9 129.8 323.9 65.24 130.48 192.8
16 75 25 38.36 75 25 311
17 17.5 35 63.24 17.5 35 45.1

18 25| 5 |1] 45 88.11 25| 5 |1 45 59.1 215 59.6 84
19 275 55 117.99 275 55 734
20 64.9 129.8 323.9 65.24 130.48 192.8
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Table 4.3  The combinations of Mngsp ESD protection schemes under different
dimensions of RX NMOS gate side.
D, D, TXNMOS| M,
Item [ L PJ | DC Parasitic | W L[] P |DCParasitic DX Wroml | L
(um) | (um) (um) | cap.(iF) | (um) | (um) (um) | cap.(fF) (um) (wm) | (um)
1 64.9 5 139.8 3239 65.24 5 1 140.48 192.8 1.2V_W5 400 018
2 64.9 129.8 3239 65.24 130.48 192.8 3.3V.W5
Table 44  The combinations of EPTSCR ESD protection schemes under different
dimensions of RX NMOS gate side.
D, D, TX_NMOS | EPTSCR
Item L PJ | DC Parasitic | W L T PI]DCParasitic DX W L
(um) | (um) @m | cap.(iF) | (wm) | (um) (um) | cap.(fF) (um) m | (um)
1 75 25 38.36 75 25 31.1
2 17.5 35 63.24 17.5 35 45.1
3 225 5 45 88.11 225 5 45 59.1 1.2V_W5 59.6 84
4 275 55 117.99 275 55 731
5 64.9 129.8 323.9 65.24 130.48 192.8
6 75 25 38.36 7.5 25 311
7 17.5 35 63.24 17.5 35 45.1
8 225 5 45 88.11 225 5 45 59.1 33V._W5 59.6 84
9 27.5 55 117.99 27.5 55 731
10 64.9 129.8 3239 65.24 130.48 192.8
Table 4.5  The simulation results under difference corners.
Vo-pp-min (mV)
Corner Patternl Pattern2
TT 126 126
SS 63 63
FF 102 102
FS 98 98
SF 127 127
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Table 4.6  The combinations of two types of ESD protection schemes.

ESD Device
Top Site Device Bottom Site Device EPTSCR
Item DC DC
w L PJ e w L PJ . w L
Type M Parasitic| Type M Parasitic
(em) | (wm) [ ] (em) | o0 R (um) | (um) (m) [ can. g5y | B | (kM)
1 g |75 25 | 38.36 § 7.5 25 31.1
2 g 17.5 35 63.24 a 17.5 35 451
3 g 225| 5 |1 45 88.11 ‘é 22.5 5 (1 45 59.1 59.6( 8.4
4 ..?‘ 27.5 55 117.99 ; 27.5 55 731
5 2 |64.9 129.8| 323.9 Z |65.24 130.48| 192.8
6 3 7.5 25 38.36 "
7 | 2 |175 35 | 6324 | G
8 o [225] 5 [1] 45 | 8811 | & | 20 59.6| 8.4
9 | S [215 55 | 117.99 | &
10 o |64.9 129.8| 323.9 m
11 3 7.5 25 38.36 o
12 | 2 |175 35 | 6324 | @
13 o |225] 5 1 45 88.11 E 30 59.6| 8.4
14 | S [275 55 | 117.99 | 4
15 | d [64.9 120.8[ 3239 | .®
16 % 7.5 25 38:36 [
17 | 2 [175 35 | 6324 | .8
18 | o [225] 5 |1] 45 [=88.11 | & 50 59.6 | 8.4
19 | S [275 55 | 11799 | &
20 o [64.9 129.81 323.9 -
21 Core Circuit Only
Table 4.7  The parasitic capacitance under different simulated results.
CpaalfF) Pre-sim Post-sim
PJ Cn Co (57umx69pum) Ciota I(fF) Ctotal (fF)
(um) | (fF) | (fF) ms ms CntCpt Cnt+Cp+ Cn+Cp+ Cn+Cp+
lv;a lv;e Cpadms-M3 Cpadms-M6 Cpadms-m3 Cpadms-M6
Not under pad 152.51 130.30
Under pad 150.2 126.
25 |20.55| 38.36 145.11 107.01 Redm’i’on :?256 :926
Enhancement 1.48% 3.02%
Not under pad 172.50 171.80
35 |48.60 | 63.27 189.07 150.97 :::Z'c::: 1:)1'24 1(7)_10'16
Enhancement % .02%
77.20 | 390 Not under pad 211254/5 10 9?56/5
Under pad 215.2 192.7'
45 |67.64 | 88.11 232.95 194.85 ~ dm‘i’m 1_5223 ?.asg
Enhancement 0.56% 0.96%
Not under pad 260.43 21712
55 |86.68 | 112.98 276.86 238.76 :::l'::: 2?1‘22 21_27'35
Enhancement 0.54% 2.20%
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Table 4.8

The combinations of EPTSCR ESD protection schemes under different

dimensions of TX NMOS drain side.

D, | D, | TX_NMOS PS NS PD ND Non-Socket CDM (V)
Item| PJ PJ DX It2 HBM | MM It2 HBM MM 1t2 HBM MM It2 HBM MM
) [ @m)]| @) (@] v ®w] & | v [@®] & | v @) | &) | V) |Positive| Negative
1 25 25 0.64 1.09 2 200 | 1.59 4 250 1.19 2 200 1.76 6 250 > 2kV < 300
2 35 35 0.64 1.13 2.5 150 | 1.69 6 250 1.32 2.5 250 1.42 6 300 > 2kV <300
3 45 45 0.64 1.71 3 200 | 1.81 7 300 |1.67 3.5 300 [ 1.78 6 350 > 2kV < 300
4 55 55 0.64 2.62 3 100 | 1.81 2.5 150 1.71 4 400 1.75 6 350 > 2kV < 300
5 |139.8 | 140.5 0.64 1.78 3 300 [ 1.45 >8 350 1.65 >8 350 1.73 3.5 300 > 2kV < 300
6 25 25 1.14 1.00 2.5 300 | 1.62 6.5 350 |[1.29 2 250 | 1.73 6.5 250 > 2kV < 300
7 35 35 1.14 1.27 3 350 [ 1.58 7 400 1.36 2.5 250 1.43 7 300 > 2kV <300
8 45 45 1.14 1.79 3 300 [1.73 75 450 |1.63 3.5 400 [ 1.50 6.5 300 > 2kV < 300
9 55 55 1.14 3.09 3.5 300 | 1.64 >8 450 |1.60 4.5 450 | 1.45 6.5 350 > 2kV < 300
10 | 139.8 | 140.5 1.14 1.86 3 300 | 1.32 >8 450 |[1.71 >8 250 | 1.95 3.5 250 > 2kV <300
11 25 25 1.65 1.27 3 400 | 1.24 6.5 500 |1.17 2 250 [ 3.86 6.5 250 > 2kV < 300
12 35 35 1.65 1.32 3.5 350 [1.77 7 450 1.21 2.5 250 | 3.51 7.5 300 > 2kV <300
13 45 45 1.65 1.41 4.5 350 [ 1.64 8 550 1.64 3.5 300 | 4.21 7.5 400 > 2kV <300
14 55 55 1.65 1.51 5 400 | 3.25 >8 650 |2.18 4.5 450 | 4.28 6.5 350 > 2kV < 300
15 | 139.8 | 140.5 1.65 1.39 3.5 450 | 1.52 >8 550 |1.73 >8 400 | 1.72 3 300 > 2kV < 300
16 25 25 2.15 1.52 3.5 400 | 1.81 7 450 |0.67 2 200 | 3.73 6.5 250 > 2kV < 300
17 35 35 2.15 1.52 3.5 400 | 1.55 7 450 |1.25 2.5 200 [ 3.56 7 300 > 2kV < 300
18 45 45 2.15 2.15 6.5 500 [ 1.62 8 550 1.76 3.5 300 | 4.01 7 350 > 2kV 350
19 55 55 2.15 3.20 7.5 450 | 1.70 >8 650 |1.70 4.5 450 | 4.57 7.5 350 > 2kV 350
20 | 139.8 [ 140.5 215 1.79 3.5 500 | 1.57 >8 550 |1.73 >8 400 | 1.70 3.5 300 > 2kV <300
Table 4.9  The combinations of Mygsp ESD protection schemes under different
dimensionsof RX  NMOS gate side.
D, D, PS NS PD ND Non-Socket CDM (V)
Item| PJ PJ | RX_NMOS| It2 | HBM | MM} It2 HBM MM It2 HBM | MM 1t2 HBM | MM
(um) | (um) @) | w1 @l ®) v e« ] v | @ | kv | v [Positive | Negative

1 139.8 | 140.5 |1.2V Device| 1.07 2.5 1504 >6 >8 200 > 6 4.5 150 | 4.20 4.5 350 1kV 400
2 139.8 | 140.5 |3.3V Device| 2.87 5.5 35071 >6 >8 550 >6 >8 500 | 4.30 4.5 350 > 2kV 1300

Table 4.10 The combinations of EPTSCR ESD protection schemes under different
dimensions of RX NMOS gate side.

D, | D, PS NS PD ND Non-Socket CDM (V)
ltem|[ PJ | PJ |RX_NMOS| [tz [HBM | MM | Itz | HBM | MM | Itz | HBM | MM | 1tz | HBM | MM
(um) | (um) Wl vl «w | v | e« ] » | @& | kv | v [Positive | Negative
1 | 25 | 25 [1.2VDevice]0.73 | 1.5 | 100 [0.29 | 2 100 [1.77 ] 2 [ 100 | 1.26 2 | 100 | 400 <300
2 | 35 | 35 [1.2VDevicel0.94 | 2 [ 100[1.73] 3 150 [1.73 | 2.5 | 100 | 1.87 | 2.5 | 150 | 400 <300
3 | 45 | 45 [1.2V Device|1.31 | 2.5 | 100 [1.53 | 3 200 [1.66 | 3 | 100 | 2.71 | 3.5 | 200 | 350 <300
4 | 55 | 55 [1.2VDevicel1.49 | 3 [ 150 [1.68 | 4 200 [1.71| 4 [ 150 | 2.68 4| 250 | 300 <300
5 | 139.8 | 140.5 |1.2V Device] 1.67 | 3 | 100 [1.15 | 2.5 | 150 |1.24 | 3.5 | 200 | 1.72 | 3.5 | 250 | 1100 | <300
6 | 25 | 25 [3.3VDevice|2.65]| 2 | 150 [1.64 | 2 150 [1.57 | 2 [ 150 | 1.02 2 | 200 | 400 <300
7 | 35 | 35 [3.3V Device| 3.34 | 2.5 | 200 [1.77 | 2.5 | 200 [1.73| 2.5 | 150 | 218 | 2.5 | 200 | 500 <300
8 | 45 | 45 [3.3V Device| 3.77 | 3.5 | 250 [1.50 | 3.5 | 250 [1.67 | 3.5 | 250 | 2.08 | 3.5 | 250 | 1050 | <300
9 | 55 | 55 [3.3VDevice|3.79 | 8 | 350 [1.77 | 4 350 [2.41 | 4.5 | 300 | 3.52 4| 350 | 1200 350
10 | 139.8 | 140.5 [3.3V Device| 1.78 | 3 | 250 | >6 | >8 | 350 | >6 | >8 | 300 | 1.73 | 3.5 | 250 | >2kV | <300
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CHAPTER S
CONCLUSIONS AND FUTURE WORKS

5.1 Main Results of This Thesis

The high-frequency characteristics of the ESD diodes have been investigated by
on-wafer two-port GSG measurement. From the experimental results, the parasitic
capacitance of the ESD devices becomes larger when the ESD device has larger
layout area. However, lower parasitic capacitance was observed in higher operating
frequency. In a 0.13-pm CMOS process, the optimized dimensions of ESD diodes for
the 5-GHz high-speed /O interfage circuits with.2-kV HBM ESD robustness have
been obtained.

An ESD protection design example-for-the high-speed I/O interface circuits has
also been proposed in this thesis. By including two types of turn-on efficient
power-rail ESD clamp circuits into the high-speed I/O interface circuits, the ESD
clamp devices at the input pin are operated in the forward-biased conduction, rather
than the junction breakdown condition. Therefore, the dimension of ESD devices for
the input pin could be reduced to reduce the input capacitive loading effect. By
placing the ESD devices under the bond pad, the input capacitive load can be further
reduced. This work has been successfully verified in a 0.13-um CMOS process. The
database of parasitic capacitance and ESD robustness of the ESD diodes were
established. The experimental results have confirmed that the ESD robustness is more

than 2kV under the HBM ESD test with proper ESD device.
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5.2 Future Works

To further decrease the dimensions of the ESD device, and to enhance ESD
robustness, other ESD device models, such as SCR, may need to be established. SCR
is suitable for ESD protection design with low-capacitance consideration, because
SCR can sustain high ESD level in a small device size. Besides, latchup issue can be
avoided, because the holding voltage of SCR is higher than the operation voltage of
the internal circuits which are fabricated in advanced CMOS processes, such as the
65-nm CMOS process. However, the high trigger voltage of SCR should be taken into
consideration. With suitable triggering circuit to turn on SCR quickly, SCR will
become the most promising ESD device for ESD protection design for high-speed 1/0

applications.
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